The properties of potassium transport in carrot (Daucus carota L.) suspension culture cells and their isolated protoplasts were examined. Cells cultured in Murashige and Skoog (MS) medium (Plant Physiol 15: 473497) were potassium saturated and, consequently, they exhibited little net potassium accumulation. Cells that transport and accumulate potassium were derived from the MS-grown cells by culturing them in a potassium-free modified medium. The transport properties of the modified medium cells included: (a) smooth nonsaturating kinetics with 80% of the maximum rates occurring at 0.1 millimolar KCI, (b) linear transport for at least 75 min, (c) alkaline pH optimum, (d) little accompanying anion uptake with increased malate concentrations balancing net increases in positive charge, and (3) little effect on transport by plasmolysis. Potassium transport activity appeared to be 50% lower in protoplasts isolated from the modified medium cells. Nevertheless, the protoplasts exhibited essentially the same kinetics, time course, pH response, and malate adjustment as the intact cells. We concluded from these results that the low potassium cells and their isolated protoplasts are ideally suited to investigating potassium transport at the cell level without the complications associated with multilayered and highly differentiated tissues.
Potassium transport is a fundamental process in both the individual plant cell and the functioning plant as a whole. The transport system is known to be highly specific for potassium and dependent on aerobic respiration (2) . This has led to the general conclusion that a plasma membrane protein is involved in potassium transport. Yet, direct evidence for the existence of possible carriers, pores, or channels has not been presented (14, 28) . This deficiency may be, in part, the consequence of experimental complications associated with the tissue systems generally used in transport experiments. Our interest has been in developing and characterizing a system that eliminates many experimental problems encountered in the traditional transport systems.
The majority of our knowledge concerning potassium transport has been derived from studies utilizing aged storage tissue or excised roots. These intact tissue systems exhibit a number of characteristics that complicate investigations of ion transport into plant cells. In excised roots, loss ofaccumulated ions through vascular tissue (12) , variable transport along the root (30) , and possible diffusion barriers at the epidermis ( 11) uptake. Although storage tissue minimizes the effects of heterogeneous cell type and longitudinal ion transport encountered in roots, problems still arise concerning the effects of wounding on the isolated discs of storage tissue (2) .
Investigating potassium transport at the cellular level in intact tissue is further complicated by the presence of the plant cell wall. The cell wall has a significant cation exchange capacity that influences any cation entering the cell wall solution. The effect of complex exchange chemistry on potassium transport has been difficult to assess. Furthermore, the cell wall is a significant barrier to electrophysiological measurements, membrane protein labeling, and plasma membrane isolation (3, 18) .
To avoid the problems associated with intact tissue systems and the plant cell wall, we developed a carrot suspension culture system that produces homogeneous populations of undifferentiated cells that grow singly or in small clumps. These characteristics eliminate many experimental complications associated with multilayered and highly differentiated tissues. Other complications, attributable to the plant cell wall, have also been avoided by investigating potassium transport in protoplasts isolated from these cultured cells. Polley and Hopkins (24) also chose to work with suspension cultures in an effort to minimize the inherent difficulties encountered in intact tissues. However, they noted that the characteristics of their cells were similar to high salt barley roots in which potassium transport activity is very limited (4, 5, 8) . Polley and Hopkins (24) tried to decrease the internal potassium levels oftheir cells, but they were unsuccessful because the cells would not grow in low potassium solutions.
In this paper we report on the first successful development and characterization of a low potassium carrot suspension culture system. This system produces low potassium suspension culture cells which vigorously transport and accumulate potassium. We also report on the transport properties of protoplasts isolated from these low potassium cells. The cultured cells and their isolated protoplasts are an excellent model system for investigating potassium transport into the cell. The supernatants, containing suspended protoplasts, were gently decanted into 250 ml centrifuge tubes and centrifuged at 150g for 5 min. The supernatant was aspirated off the delicate pellet and the protoplasts were resuspended in 10 ml of the protoplast resuspension solution. After 10 min settling at lg, the supernatants were collected and centrifuged at 1 50g for 5 min. The final protoplast pellets were consolidated in 30 ml of the protoplast resuspension solution. This preparation was estimated to be 85% isolated protoplasts with a small population of partially digested cell clumps. These protoplasts were routinely used in potassium transport experiments. A highly purified preparation of protoplasts was obtained by filtering the supernatant ofthe first settling period through a 20 ,um mesh Nytex cloth. This technique eliminated partially digested clumps. It was not routinely used, however, because the protoplast yield from the filtration step was very low. The transport properties of the highly purified protoplasts were the same as those of protoplasts isolated with the standard procedure. Thus, the small number of partially digested cells found in the routinely used protoplast preparation did not have a significant effect on the potassium transport results.
MATERIALS AND METHODS
Intact Cell Uptake. Intact cell uptake experiments were conducted in 3.5 L treatment solutions at 25°C. The solutions were vigorously aerated with C02-free air to maintain constant 02 levels and homogeneously mix the cells during the course of the experiment. Cultured cells were rinsed with deionized H20 and then added to the treatment solutions (2 g/treatment). After the desired uptake period, the cells were collected on a Whatman No. 1 filter paper inside a Buchner funnel mounted on a 20 L carboy. Treatment solutions were aspirated into the carboy with the house vacuum. The collected cells were rinsed with 80 ml 2.5 mm CaC12 followed by three rinses with deionized H20. The calcium rinse eliminated exchangeable potassium associated with cell wall exchange sites (data not shown). After Amol 02/g fresh weight-h, respectively. Taken together, these results suggest that the MM cells were physiologically unstressed carrot cells.
After 4 d growth in the modified medium, cation concentrations changed in response to the decrease in internal potassium levels ( Table I ). The loss of positive charge on a cellular basis, due to the dilution of potassium through continued growth, was partially compensated for by increases in sodium and magnesium concentrations. These changes were relatively small when compared to cation differences between low and high salt barley roots (23) and, overall, the cation concentrations of the MM cells did not differ substantially from other plant materials (23, 25) .
The time course of potassium uptake into the MM cells was linear for 75 min before beginning to level off. After 75 min of accumulation, internal potassium concentrations were nearing those found in MS cells.
Potassium uptake by the MM cells exhibited a broad pH response with optimum transport occurring around pH 8.0 (Fig.  1) . The alkaline pH optimum is also characteristic of excised oat roots (28) and beet storage tissue (25) .
Potassium transport kinetics produce a smooth nonsaturating curve which approaches linearity above 1 mM KCI (Fig. 2) . These kinetics are similar to those reported for corn root potassium uptake (10 (Table II) . Adjustment of organic acid concentrations is a well-known response to differential ion accumulation (9, 17) . When K2S04 was used as the potassium salt, potassium uptake kinetics were unaffected (data not shown). Since malate is the primary anion balancing accumulated potassium, the absence of a rapidly transported anion in the transport solution did not affect potassium uptake. Protoplast Uptake. It is necessary to isolate plant cell protoplasts in solutions whose water potential closely matches the osmotic potential of the experimental tissue. Under such conditions, the pressure potential of the cell is close to zero and the cell is flaccid. There are conflicting reports in the literature concerning the effect of low water potentials on ion transport (1, 27) . To avoid possible misinterpretation of protoplast potassium transport due to secondary effects of low water potentials, we investigated potassium uptake in intact MM cells as a function of water potential (Fig. 3) . When CaCl2 or mannitol was used as osmoticum to lower treatment solution water potentials, there were no apparent effects on potassium accumulation. We concluded that negative water potentials did not significantly affect potassium uptake in the MM cells.
When sucrose was used to lower solution water potentials, increasing concentrations of solute progressively inhibited potassium influx (Fig. 3) . Since potassium uptake was unaffected by negative water potentials when using CaC12 and mannitol as osmotica, the inhibition encountered with sucrose appears to be unrelated to low potentials. Recent evidence suggests sucrose is transported into the cell by a proton-sucrose symport (15) . Perhaps the high concentrations of sucrose used in these studies saturated the symport, depolarized the membrane potential, and thereby altered other transport processes.
The results with mannitol ( Fig. 3) were expressed as a function of MM cell magnesium concentration. While characterizing the transport properties of the intact MM cells, cellular magnesium concentrations were found to be very stable. Expressing the mannitol results as a function of magnesium made analysis much easier and eliminated complications associated with changes in fresh weight. In parallel analysis, the mannitol results were the same whether expressed as a function of fresh weight or magnesium (data not shown).
The stability of intracellular magnesium concentration was exploited in the analysis of protoplast potassium uptake. Most investigators have expressed protoplast ion uptake as a function of protein concentration or protoplast number (6, 13, 18) . While protein concentration is usually a reliable reference for measuring potassium flux, protoplast number can be misleading because of differential cell lysis during the experiment. We chose magnesium to evaluate potassium uptake because analysis was fast, accurate, and unaffected by experimental conditions.
The stability of magnesium concentrations in the MM protoplasts was demonstrated in two ways. First, the magnesium concentration of the protoplasts, as a function ofprotein concentration, did not change during the course of standard transport experiments (Table III) . Second, analysis of spent uptake solutions showed no significant loss of magnesium. The protein and efflux results confirmed magnesium's reliability as a reference for measuring potassium fluxes in the MM protoplasts.
The cytological and biochemical integrity of the MM cells did not appear to be significantly affected by the loss of the cell wall. The protoplasts exhibited active cytoplasmic streaming and no microscopically visible cytological aberrations. When treated with Evans blue, the dye penetrated fewer than 1% of the cells. These results suggest that the plasma membrane and metabolic activity were relatively unaffected by the isolation procedure. Furthermore, the respiration rate ofthe protoplasts was the same as the intact cells, 0.98 versus 1.01 ,umol 02/Anmol K' . h, respectively. Respiration was expressed as a function of potassium content because this allowed for a direct comparison between the protoplasts and intact cells. We concluded that the carrot cells were not significantly damaged by the removal of the cell wall.
The time course of potassium uptake by MM protoplasts was linear for greater than 90 min (not shown). Similar periods of linear transport were reported for protoplasts isolated from root cortical tissue (6) . However, shorter periods of linearity were reported for protoplasts isolated from cultured tobacco cells (18) and whole corn roots ( 13). The initial ion status of these tissues may have contributed to these differences. The cultured tobacco cells were high potassium cells grown in MS medium, and intact corn roots contain more potassium than separated cortex (6) . Higher initial concentrations of potassium could account for shorter periods of linear transport.
Protoplast potassium uptake exhibited a broad pH response with optimum rates centered around pH 7.5 (Fig. 4) . The effect of pH on transport was similar to that seen in the intact cells ( Fig. 1 ) and other protoplast systems (6, 18) .
The kinetics of potassium uptake into the protoplasts produce (Table IV) . This result was consistent whether the data were expressed as a function of magnesium or protein concentration. The initial potassium/magnesium ratio was higher in the protoplasts because some magnesium was lost with the cell wall during protoplast isolation. The initial potassiun/protein ratio of the intact cells was higher than the protoplast ratio because a portion of the intact cell's protein remained with the wall debris after filtering the acid extracts during analysis. The apparent decrease in protoplast transport activity was not an artifact of the methods of expression since the initial potassium ratios deviate in opposite directions. The decreased transport activity of the MM protoplast does not appear to be the result of an abnormally functioning transport apparatus. Had the protoplast isolation procedure significantly altered the transport system, one would expect a concomitant change in kinetics, time course, pH response, and overall protoplast viability. Instead, the transport properties of the MM protoplasts do not deviate substantially from the intact cells. Furthermore, the rate of potassium transport in 0.5 mm KCI compares favorably with other low-potassium protoplast systems (6, 11) . The lowered activity may be the result of an energy diversion to other cellular activities, such as synthesis of a new cell wall. Similar decreases in uptake activity were reported for both glucose and amino acid transport in protoplasts isolated from leaf tissue (20) .
In conclusion, the tissue culture system developed in this study produces suspension culture cells which actively transport and accumulate potassium. The cultured cells possess several experimental attributes which minimize transport problems encountered in highly differentiated tissues, and their isolated protoplasts eliminate the cell wall as a complicating factor. The transport properties of the intact cells were similar to other well characterized systems and, importantly, the transport properties of the isolated protoplasts matched those of the intact cells. We concluded from these results that cells grown in the modified medium, and the protoplasts derived from them, represent an excellent model system for investigating potassium transport in plants.
